Cardiac safety screening is of paramount importance for drug discovery and therapeutics. Therefore, the development of novel high-throughput electrophysiological approaches for hiPSC-derived cardiomyocyte (hiPSC-CM) preparations is much needed for efficient drug testing. Although multielectrode arrays (MEAs) are frequently employed for field potential measurements of excitable cells, a recent publication by JoshiMukherjee and colleagues described and validated its application for recurrent action potential (AP) recordings from the same hiPSC-CM preparation over days. The aim here is to provide detailed step-by-step methods for seeding CMs and for measuring AP waveforms via electroporation with high precision and a temporal resolution of 1 µs. This approach addresses the lack of easy-to-use methodology to gain intracellular access for high-throughput AP measurements for reliable electrophysiological investigations. A detailed work flow and methods for plating of hiPSC-CMs on multiwell MEA plates are discussed emphasizing critical steps wherever relevant. In addition, a custom-built MATLAB script for rapid data handling, extraction and analysis is reported for comprehensive investigation of the waveform analysis to quantify subtle differences in morphology for various AP duration parameters implicated in arrhythmia and cardiotoxicity.
Introduction
Human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) are the gold standard for an increasing number of laboratories 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 . Beating embryoid bodies 11, 12, 13 and monolayer 3, 7, 10, 11, 12, 13, 14, 15, 16, 17 differentiation are the preferred methods for cardiomyocyte production and the multielectrode array (MEA) has become a common modality for monitoring the electrodynamics of these networks 18, 19, 20 . While parameters that can be extracted from field potentials (FPs) such as beating rate, amplitude, duration and RR intervals are baseline electrophysiological responses of spontaneously beating monolayers 18, 21, 22, 23 , the action potential (AP) components underlying these extracellular FP signals are difficult to extrapolate 24 . Our recent publication on the discovery of an application of MEAs for direct recurrent AP measurements provides proof of methodology for exemplary intracellular AP readouts with an extensive waveform analysis at various repolarization phases across multiple batches of hiPSC-derived cardiomyocyte networks 3 . In the study we demonstrated that the delivery of electroporating pulses to networks of hiPSC-derived cardiomyocytes enables intracellular access for AP recordings. These transient AP recordings are dependent on transmembrane potential recoveries observed through the injury site 3, 25, 26 . Waveforms recorded via MEA and patch-clamp in our study showed similar AP morphologies thus validating the reliability of the approach 3 .
A few laboratories have reported measuring APs from various electrogenic cells using custom-built MEAs 18, 21, 26, 27, 28, 29, 30 , but the reliability of using MEAs for consistent and recurrent AP measurements was not assessed. Currently, the gold standard patch-clamp technique is limited to terminal recordings 7, 31 whereas, MEA-based AP measurements are transient and therefore can be conducted multiple times on the same cell. We also show that one can easily record high-quality AP signals in the millivolt range requiring minimal filtering. Researchers can therefore conduct not only acute but also chronic drug studies in the same preparations using MEAs. Additionally, this technology permits simultaneous FP/AP measurement generating electro-biome libraries in a short period of time. Given the growing emphasis on arrhythmia prediction and drug associated cardiotoxicity 1. Aspirate the culture medium from each well of the 6-well tissue culture dish with 30 day post-differentiated hiPSC-CM culture (see step 2.7) and wash with 2 mL of sterile D-PBS per well. 2. Add 1 mL of pre-warmed cell dissociation solution (see Table of Materials) per well and incubate for 4 min at 37 °C. Use a transfer pipette to gently triturate to loosen cells for dissociation. If most of the cells are still adherent, incubate for another 3 min at 37 °C and triturate again. This additional incubation should help for maximal cell recovery. Do not incubate for more than 7 min as this might result in low cell viability. 3. Using a transfer pipette, pool all the dissociated cells into a conical tube containing hiPSC-CM thawing medium (see step 1.3). It is recommended to suspend the cells in at least twice the volume of media (2 mL per well being harvested) to block the activity of the cell dissociation solution. 4. Centrifuge at 200 x g for 5 min. 5. Aspirate the solution carefully as the pellet is loosely attached to the surface and resuspend in 0.1 mL of hiPSC-CM thawing medium. Use a transfer pipette to resuspend the pellet a few times by gentle trituration. 6. Aliquot 2 µL of dissociated cells and dilute with 18 µL of media in a 1.5 mL microfuge tube. Add 20 µL of Trypan Blue and mix for cell count and viability assessment. 7. Adjust the cell density to 6,000 cells/µL by adding the appropriate volume of hiPSC-CM thawing medium. Suspend the pellet by gentle flicking a few times. The hiPSC-CMs easily detach from glass surfaces especially when plated at high densities. We have optimized the seeding density and plating conditions to achieve 15 days of electrical recordings. 8. When ready, bring the multiwell MEA plate into the laminar flow hood for cell seeding. It is critical to perform the following two steps one well at a time to prevent the fibronectin from drying. 1. Carefully remove the fibronectin droplet using a P10 pipette without touching the electrodes. 2. Immediately dispense a 5 µL cell droplet (30,000 cells) to the center of the well of the MEA plate covering all 12 electrodes. Repeat the step until all the 24 wells are plated. Intermittent mixing of cell suspension by flicking is recommended.
9. Place the multiwell MEA plate back in the loosely covered humidifying chamber and return to the cell culture incubator at 37 °C and 5% CO 2 for 3 h for cell attachment. 10. Carefully add 200 µL of hiPSC-CM thawing medium to each well without disturbing the cells using a P200 pipette. Add the media dropwise to the side of the well. 11. Place the multiwell MEA plate back in the cell culture incubator. 12. Replace with fresh hiPSC-CM culture medium at 24 h post plating. Spontaneous beating of cardiomyocytes can be observed at this point (See Video 3). 13. Change the media every 2 days until the end of experiments.
hiPSC-CM electroporation and signal acquisition (Figures 4 -6)
NOTE: This protocol is for simultaneous recording of high-throughput electrode signals (12 sites for each of the 24 wells). The 24-well multiwell MEA system is used with the acquisition software (see Table of 
Data segmentation and analysis (Figures 8-10)
NOTE: Matlab-based custom software is used to segment and extract various FP and AP data parameters. Software is available on demand.
1. Run the Waveform Analysis code using Matlab (see Figure 8 for a view of the GUI's main window). 2. Click on File and select Process .h5. 3. Find and select the mwd.h5 file created according to step 7 above. 4. Click on the Save Directory button to change the storage location of the output files. 5. Create a signal processing queue by selecting electrode/well combinations of interest and then clicking on the Queue button. Repeat this step to append more electrode/well combinations to be processed to the queue. 6. Edit the queue by clicking directly on Med Name / Med Concentration if cells were treated with drugs (Figure 8 ). 7. Once the queue is final, click the Initialize Waveforms button. This will start the preliminary processing in which signals are identified and extracted for segmentation. 8. Click on the Zoom In button and select the action potential area of interest with the cursor (Figure 9 ). 9. Click the Keep button and review the panels. Peaks (red 'x') and troughs (yellow circles) are detected for every waveform and the normalized action potentials are superimposed. Click the Keep button and move on to the next trace in the queue (Figure 10 ). 10. Repeat steps 8.8-8.9 for the rest of the electrode/well combination signals in the queue.
NOTE: A .csv file will be generated with APD parameters measured for every waveform. A .mat file for each .h5 file is also saved to allow additional processing of segmented data.
Representative Results
The viability and plating density of post-thawed hiPSC-CMs is critical for multiwell MEA culture. Pre-plating of 1-2 million hiPSC-CMs/vial into two wells of a 6-well tissue culture plate with 50% or greater viability will produce a healthy monolayer culture with spontaneous beating at 48 h. Poor viability of CMs will result in cultures with a high percentage of non-myocyte populations. These monolayers when dissociated for multiwell MEA plating generally produce inconsistent results and bad quality signals and therefore should be discarded. Figure 1 shows examples of optimal vs. sub-optimal hiPSC-CMs cultures at 48 h post plating. Thawing the CMs on substrate-coated tissue culture plates rather than directly on multiwell MEAs, allows for cell recovery and maturation 3 . Direct plating of cryopreserved CMs on the array is not recommended as it produced inconsistent results.
In addition to the quality of the dissociated CMs, cell attachment on multiwell MEA is highly dependent on cell density and the fibronectin coating technique. The fibronectin droplet size is critical as the CMs will conform to the boundaries of the fibronectin-coated area. For this reason, only 5 µL of the fibronectin solution are dispensed directly over the electrode array area. To ensure that the droplet does not disperse, the well surface must be completely dry at the time of coating. Figure 2 shows the layout of the multiwell MEA plate with schematics of step-by-step pretreatment for optimal preparation. Additionally, to prevent the fibronectin from drying the multiwell MEA plates must be placed inside a humidifying chamber during the incubation period lasting no more than 3 h (see step 3.8). Once the incubation period is complete, it is important to remove the fibronectin droplet from each well just before CM plating and only then proceed to next well plating. Working swiftly and carefully dispensing of the CMs is the key to successful cell attachment.
hiPSC-CM cultures at 30 days post-differentiation are dissociated for multiwell MEA plating using the enzymatic cell dissociation method (see step 4). CMs will attach to the fibronectin-coated MEA surfaces by 3 h and a monolayer covering the arrays will be visible after 24 h post-plating (Figure 3) . Synchronous beating of the monolayer will be observed at 24-48 h. Cell droplet dispersion will affect the culture density or even lead to drying and cell death. Precise cell placement directly on the array is of utmost importance and therefore the technique must be practiced for optimal plating. Cell adhesion to the reference electrode will hinder electrical signal production. See Figure 3 for images of optimal CM placement, and culture after 24 h. Figure 11A . We observed no correlation between FP amplitudes and post electroporation AP amplitudes recorded from the same cell site. Additionally, multiple electroporations of the same cell site at 0, 24, 48, 72 and 96 h had no significant effect on the AP shape over time (Figure 11B) .
Given the high-throughput nature of the system, a manual technique to extract and quantify parameters of interest such as RR interval, instantaneous frequency and differential action potential duration is inefficient and time consuming. A custom-built MATLAB script available to the research community upon request is employed to perform waveform measurements with 1 µs resolution. Electroporation time points are overlaid with the extracted signal to identify 10 s of AP post-electroporation to conduct signal extraction, quality assurance, and segmentation workflow (Figure 8, Figure 9, Figure 10 ). The user interface allows for selection of the desired segment using the overlaid electroporation indicators as a guide. The segmented waveform is processed by subroutines to further identify individual AP waveforms. This is completed through peak detection, where the highest and lowest voltage is identified for each cycle. Once this process is completed, the amplitudes are normalized, and the associating time vectors are shifted to define time zero at a peak value of 1. Interpolation of intersection points along the individual cycles was used to determine APD measurements. Thus, partial automation workflow for AP waveform segmentation allows efficient data analysis for various APD parameters across multiple batches of cultures in a short period of time. Further automation of inclusion and exclusion criteria for FPs and APs is ongoing for real-time data analysis.
A significant advantage of the multiwell MEA plate is that it can be reused multiple times. This restoration enables repetitive electrophysiological studies for cost-effective and consistent data collection. Recordings of APs from the same array after 6 restorations are shown in Figure 12 . Signal-to-noise ratio is similar across multiple reuses. To demonstrate the reliability of the array for repetitive electrophysiological studies, a total of 3815 AP waveforms are pooled from three restoration batches and AP duration data is extracted to examine the repeatability of the results. Distribution plots for individual waveform APD 30 . In our published study, a multiwell micro-gold MEA platform was employed to generate AP waveform libraries from multiple batches of hiPSC-CM cultures with high precision and with a temporal resolution of 1 µs. The protocol described here explains seeding of hiPSC-CMs on the array for efficient development of syncytial CM networks for high-throughput AP recordings. Several critical steps in the protocol are: 1) production of multiple highpurity batches of quality-controlled CMs for cryopreservation banking, 2) highly viable post-thaw CMs for pre-plating and maturation, 3) treatment of the multiwell MEA plate for CM seeding, 4) hiPSC-CM culture dissociation at 30 days post-differentiation for MEA plating, and 5) restoration of the MEAs for multiple reuse.
It is important to note that batch-to-batch variation in hiPSC differentiation might affect experimental outcomes. The monolayer method of differentiation was optimized in-house for high percent cardiomyocyte production 3, 40 . The FACS analysis of MLC2v and TNNT2 markers of our cultures demonstrate a ≥90% ventricular-like phenotype 3 . These quality-controlled cultures are cryopreserved for experimental studies. The current differentiation approaches yield a heterogeneous mix of nodal-, atrial-and ventricle-like cells 3, 16, 17, 41 . Therefore, strategies employed for CM subtype population enrichment can further improve the specificity of the cultures. Additionally, tissue engineering approaches can be employed to enhance their maturation. The methods proposed here can easily be implemented for other CM sources.
The AP waveforms recorded using MEA were similar to those recorded from networks of cardiomyocytes by optical mapping 42, 43 , complementary metal oxide semiconductor-based MEA 18, 21 , and simulated AP using FP recordings 20 . To address the mechanism of AP measurements via MEA Hai and Spira 25 demonstrated that electropore-electrode interface mimic the established sharp glass microelectrode technique. However, the resting membrane potential and true amplitude values in our study cannot be established given that the electropore-electrode interface in MEA systems is not calibrated, and that the amplitude is a function of the sensitivity and resolution of the technique. Our approach shares similar limitations to optical mapping when it comes to AP amplitude.
The multiwell MEA-based FP/AP readouts reported here open new possibilities for drug safety assessment. Although spontaneous, these hiPSC-CM monolayers beat at constant rates. Analysis of APD parameters across multiple networks provide insight on electrical heterogeneity ( Figure 13 ). However,comprehensive APD restitution analyses must incorporate preceding diastolic intervals. Furthermore, high-quality AP waveforms recorded from the same cell site over 96 h ( Figure 11B ) is the first report to track membrane electrodynamics over time which will be of value in development and in disease.
The protocol described here for quantifying AP parameters can be used to generate dose-response curves to test compounds. As recently reported by Edwards et al. 3 , dose response of norepinephrine, isoproterenol and E 4031 are plotted for APD at various repolarization phases. The published study demonstrated the accuracy and reliability of the approach for identification of the dose-dependent subtle changes in the AP waveforms in real time. This technique could easily be extended for other compounds or small molecule libraries for understanding various electrophysiological responses.
The MEA based approach for AP measurements presented in this study will be of interest not only to electrophysiologists but also to cell biologists and in-silico modelers. Furthermore, FP/AP recordings from the same cell site on hiPSC-CMs will enable researchers to generate bioelectric data libraries of wide array of excitable cellular networks within a short period of time. Availability of these resources will be valuable for drug discoveries and disease modeling.
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